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There are several potential biomasses in practice today which can be used to produce biofuel, 
microalga is an innovative sort of biomass which has the capability to yield high-quality biofuel. 
Current and past research conducted on biomass fuel production has primarily been focused on 
specifically understanding and improving cultivation and harvesting methods of biomasses. Due 
to this, there has been minimal research conducted on biomass to bio-oil conversions schemes, 
making this fairly understudied in the biofuel world today. In this report, all the relevant 
information regarding the conversion of biomass to bio-oil, improving of bio-oil properties and 
advances of microalgal growth is highlighted. The report also has detailed research on both the 
upgrading and conversion schemes in order to establish the best system and condition for 
biomass to biofuel conversion. The report is split into two stages, the first stage focuses on the 
conversion of biomass to bio-oil. The second stage focuses on upgrading the produced bio-oil 
from stage one, this is necessary in order to make the bio-oil produced suitable for conventional 
engines.  
The results obtained in this report showed promise for future endeavours, with the Hydrothermal 
Liquefaction products returning yields between 30 and 40% bio-crude, which is comparably high 
to other literature. Similarly, the emulsification process was a success, with beneficial 
thermochemical changes highlighted at both 20% and 40% bio-crude/biodiesel samples. The 
final biofuel samples had a higher heating value ranging from 43 to 45 MJ/kg, which are equal to 
other fossil-based fuels. Therefore, acknowledging the results obtained in this report from 
previous literature reports, it can be concluded that HTL and Emulsification are both schemes 
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In this report both conversion and upgrading techniques used for biofuel production will be 
detailed, outlining certain points such as experimental conditions, advantages and disadvantages 
of different biomasses. The current technological status of conversion and upgrading schemes 
will also be discussed with an extensive review of hydrothermal liquefaction, or HTL, as the 
primary conversion scheme. Following the review, an experimentation will be conducted to 
investigate the following points:  
• Use of Microalgae as a potential biomass for biofuel production 
• Oil Yields and products of HTL conversion scheme with specific microalgae Chlorella 
Vulgaris 
• Efficiency and effectiveness of emulsification with biodiesel fuel in order to produce a 
high-quality biofuel.  
• Elemental composition and phase yield analysis of emulsification products 
• Potential of upgraded biofuel product for use in diesel engines, by comparing the higher 
heating Value (HHV) and elemental composition (C, H, N, O, and S) with relevant fossil-
based fuels. 
• Long term and short term effect of biofuel use on engines 
The experimental stage of this report will generate its own data which will be reviewed with the 
use of other literature studies to ensure there are no uncertainties. This ensures that the data 
produced during the experimental stage is feasible, and corresponds with previous data.  
1.1 Project Scope and Objectives 
The aim of this project is to investigate the conversion and upgrading mechanism used on a 
conventional biomass to produce biofuel which can subsequently be utilised directly into Diesel 
engines. The benefits of this study involve using a biomass to produce clean and emission-free 
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biofuel, with no carbon footprint to the environment. The following list outlines the possible 
applications of biofuel: 
• Conventional Diesel Engines 
• Generators 
• Transportation (i.e. Busses) 
 In order to produce a biofuel that will sustain the requirements of all these applications, the bio-
crude from the conversion schemes needs to undergo thermochemical upgrading due to the poor 
fuel quality of conventional bio-oil. The bio-oil properties which are concerning are:  
• High Viscosity 
• High Oxygen value which decreases the heating value 
• High Nitrogen Content, NO2 release 
• Low Heating value compared to diesel or petroleum fuel 
• High water content 
• High corrosivity 
Overcoming these limitations will provide clarity and feasibility to future endeavors in biomass-











Microalga is a new type of biomass that is currently being used in bio-oil productions; it is found 
in all ecosystems around the world, aquatic and terrestrial (López Barreiro et al. 2013). 
Microalga is a photosynthetic microorganism that is made up of a flexible cell structure (Chisti 
2007). The microalga organism can be classified into two subdivisions, prokaryotic or 
eukaryotic. Prokaryotic is a unicellular microorganism that has no nucleus, an example of this is 
Cyanobacteria. Eukaryotic is a multicellular microorganism that does have a nucleus, an 
example of this is green algae (Mata, Martins, and Caetano 2010). Microalga is easily cultivated 
with minimum requirements for successful harvesting (light, water, carbon source, and 
nutrients). Microalga consists primarily of carbohydrates, lipids, and proteins (López Barreiro et 
al. 2013, Mata, Martins, and Caetano 2010), the protein content varies from 30 to70%, 
carbohydrates between 8 and 40% and lipids 1 and 70% (Biller and Ross 2011). Throughout the 
last decade, researchers have focused mainly on exploiting the cultivation methods for 
microalgal production, to improve microorganism growth, harvesting efficiency, and extraction 
processes (Arenas et al. 2017). Microalga carries many useful attributes to be a potential 
biomass; high lipid content, high heating values and shorter cultivation times make microalga 
stand out from the rest (Arenas et al. 2017, Chisti 2007).  
Using biomasses to produce bio-oil schemes have been limited in recent times and haven’t 
triggered much interest. Most researchers have steered away from biomass driven renewable 
energy, as the conversion schematics are not fully understood and still poses numerous 
unanswered questions (López Barreiro et al. 2013, Tsukahara and Sawayama 2005). Today there 
are several wet and dry thermochemical practices to achieve effective conversion (López 
Barreiro et al. 2013). Hydrothermal liquefaction is a thermochemical scheme that uses water at 
supercritical state to convert biomass to bio-oil, bio-oil yields rely heavily on the reaction 
conditions; temperature, residence time, catalysts, acidity and pressure influences all three 
phases (Two Liquid, gas, solid)(López Barreiro et al. 2013, Ross et al. 2010, Xiu and Shahbazi 
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2012). Temperatures above supercritical state tend to increase the gas phase yield, due to lighter 
hydrocarbons breaking down, longer residence times decreases the bio-oil yield due to several 
subsequent decomposition reactions after 30 minutes (Yang et al. 2004). Both homogenous and 
heterogenous catalyst have beneficial effects that contribute to high heating values, lower oxygen 
content, larger bio-oil yield, less solid residue and a positive shift in the gas-water phase (i.e., 
Higher levels of H2 and CO2) (Duan and Savage 2010).  
The HTL products comprise a gas phase, solid phase and two liquid phases (one nutrient-rich 
aqueous phase and one bio-crude phase). The nutrient-rich phase is full of nourishing nutrients 
which are quite often recycled back into the cultivation medium for harvesting benefits. Bio-
crude is a thick dark liquid that is made up of many different hydrocarbon chains, highly 
oxygenated compounds such as water, aldehydes, and carboxylic acids cause bio-crude to have a 
lower heating value and be deemed less effective (Prakash, Singh, and Murugan 2013). For bio-
oil to be a comparable transport fuel to diesel or petroleum fuel, it has to undergo chemical and 
physical upgrading to mitigate undesired properties such as high water content, high acidity 
levels and high viscosity (Jiang and Ellis 2009). Bio-oil upgrading techniques are quite 
complicated and require thorough reaction mechanisms and high capital costs to execute; hence 
less attention is shown to upgrading processes.  
Emulsification is one upgrading technique used in practice today. The method entails an 
emulsion practice where two immiscible liquids are mixed together, the colliding of particles 
within the mixture allows for several thermochemical changes to take place within both phases. 
An emulsion is defined as two immiscible liquids, wherein droplets are dispersed within another 
phase layer. The emulsion is highly affected by stirring rate, mixing time, temperature and 
emulsifiers, which assist in forming a stable emulsion (Jiang and Ellis 2009). Bio-oil is 
commonly emulsified with other fossil-based fuels such as diesel, biodiesel or even vegetable 
oil. In this report, biodiesel will be used as the emulsifying fuel.  
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Biodiesel has a very low viscosity and high heating value which are two crucial fuel properties 
which bio-oil lack (Jiang and Ellis 2009, Chiaramonti et al. 2003a, Ikura, Stanciulescu, and 
Hogan 2003). Upgrading of bio-oil through emulsification with biodiesel is currently examined 
by several researchers and have shown to be a very promising practice with great results 
(Chiaramonti et al. 2003a, b, Ikura, Stanciulescu, and Hogan 2003, Jiang and Ellis 2009).  
3.0 Microalgal Biomass 
Using Microalga as a wet biomass has become more relevant in recent times compared to other 
biomasses such as palm oil, animal fats or vegetable oils. Microalga holds the most potential due 
to its ease of cultivation and high oil yields. The amount of lipid content (triacylglyceride) within 
a microalga cell is most important; this figure correlates directly to the bio-crude yield of the 
final products, thus researchers have aimed to increase biomass productivity and lipid contents in 
recent years (Arenas et al. 2017, Biller and Ross 2011). For microalga to be considered as a 
suitable biomass for biofuel production, several aspects need to be addressed; strain selection, 
ease of cultivation, growth rate, molecular composition (e.g., carbohydrates, lipids, and protein), 
ease of separation from water and lastly the amount of high-value by-products (Nutrient-Rich 
Aqueous Phase) (López Barreiro et al. 2013, Arenas et al. 2017). Microalga has great potential as 
an economical and environmentally friendly biomass with fast growth rates (100 times faster 
compared to other terrestrial crops), high lipid contents and ten times greater production rates of 
bio-oil per unit area of land. 
3.1 Lipids, Carbohydrates, and Proteins 
The lipid, carbohydrate, and protein content of a microalga cell have major effects on the bio-
crude yield, especially the lipid content. Lipid-rich microalgal strain contributes to a higher bio-
oil yield, averaging between 1-70%, good strains can reach 90% dry weight (Mata, Martins, and 
Caetano 2010). In 2011 a study was completed by Biller, P. and A.B. Ross who analyzed 
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different microalgal strains for their biochemical composition. This can be seen in Table 3.1 
(Ross et al. 2010). 
Table 3.1 Biochemical composition of microalgae strains (Ross et al. 2010) 
 
The protein content varied between 43% to 65% dry ash free (daf), carbohydrates between 8% to 
40% (daf), and lipid 5% to 32% (daf). Biller et al. also conducted a liquefaction of seven 
different model compounds to study the effects of catalysts and biochemical composition, this is 
illustrated in Figure 3.1a-c (Biller and Ross 2011). Thermochemical conversion without a 
catalyst is shown in Figure 3.1(a), and (b) is with Na2CO3 as a catalyst, and (c) is using formic 
acid. Researchers have concluded that Na2CO3 should not be used as a catalyst for lipid-rich 
strains, due to soap formation, subsequently losing bio-oil yield through the solid residue, 
Na2CO3 is found to be more favorable for carbohydrate-rich strains (Biller and Ross 2011). 
Protein-rich and Lipid-rich microalgal strains have been most efficient without the use of 
catalysts (Biller and Ross 2011).  The mechanism for oil formation by protein is a result of C-N 
peptide bonds between the carboxyl and amine groups, the crude oil yield is highest with just 
using water as a catalyst. In Figure 3.1(c) the gas phase is considerably larger due to the formic 
acid, resulting in around 28% gas products, this is consistent with other data (Ross et al. 2010, 




Figure 3.1: Product yields from hydrothermal liquefaction: (a) pure water, (b) sodium carbonate, (c) formic acid. 
(Torri et al. 2012) 
Some of the lower yields are due to larger amounts of carbohydrates breaking down. This 
formation disparity causes polar water-soluble organics to be formed, and not non-polar 
hydrocarbons (Biller and Ross 2011). Srokol et al. (Srokol et al. 2004) research showed similar 
events occurring with carbohydrates, the breakdown of glucose under comparable conditions 
resulting in the formation of lactic acid, acetic acid, acrylic acid, 2-furaldehyde and 1,2,3-
benzenetriol (Srokol et al. 2004). Most of these acids are polar compounds, which mean they are 
water soluble, will not contribute to the bio-crude yield and are not useful as by-products.  
3.2 Thermochemical Conversion Schemes 
Today’s conversion schemes can be split into two main branches, wet and dry. Examples of a 
wet process scheme include hydrothermal carbonization, hydrothermal liquefaction, and 
hydrothermal gasification, examples of dry processes include torrefaction, pyrolysis, and 
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gasification (López Barreiro et al. 2013). Wet and dry processes both have positive and negative 
characteristics, with energy consumption and bio-crude configuration being the two primal 
factors.  
3.2.1 Dry Processes 
3.2.1.1 Torrefaction 
Torrefaction is a thermochemical conversion technique that processes dry biomass under a mild 
condition; temperatures range from 200-300 °C, the reaction is completed in the absence of 
oxygen. Partial decomposition of biomass is achieved and results in a charry solid material as the 
primary product. Torrefaction of microalgae is very understudied, and not used as a conversion 
technique yet (López Barreiro et al. 2013).  
3.2.1.2 Pyrolysis 
Pyrolysis or flash pyrolysis is a dry process, completed in the absence of oxygen at high 
temperatures (400-600°C), the reaction requires a high heating rate (Approx. 1000°C min-1) and 
short holding time (Seconds) to successfully convert biomass into bio-oil (López Barreiro et al. 
2013).  The heating rate and residence time have a severe effect on final yield of bio-oil, a lower 
heating rate and longer residence time increased the charcoal and tar products, which decreased 
the bio-oil yield (Xiu and Shahbazi 2012, López Barreiro et al. 2013). Slow pyrolysis is a 
thermal treatment conducted at higher temperatures (400-800°C) with residence times up to 100 
hours, and heating rates are much lower than flash pyrolysis. Studies have found a higher 
temperature and holding time to elevate the gas yields, reporting high levels of CO2 and CH4 as 
by-products, a maximum bio-oil yield (59%) was achieved at 450°C (López Barreiro et al. 2013, 
Xiu and Shahbazi 2012). Overall, Pyrolysis Bio-oil yields reported a lower stability and energy 




Gasification is an unconventional method of converting biomass, although similarly with most 
dry processes, the high moisture content of microalga raises a problem, the energy required to 
dry the feedstock results in very high financial costs; thus the development of this technology has 
been halted (López Barreiro et al. 2013, Brown, Duan, and Savage 2010). The process of 
gasification involves partial oxidation of carbonaceous material at high temperatures (700-
1000°C) under atmospheric pressure, by-products consisted largely of H2, CH4, and CO2. The 
gasification process is also used for methanol production, Hirano et al. (Hirano et al. 1998) used 
continuous gasification of microalgae to produce methanol gas, this displayed promise for future 
productions. 
3.2.2 Wet Processes 
3.2.2.1 Hydrothermal Carbonization 
Unlike other conversion processes, hydrothermal carbonization, HTC, aims to produce char; this 
procedure is carried out under mild conditions (200°C, 2MPa) in an aqueous bath, the 
exothermic reaction is spontaneous and results in two product streams; aqueous phase and an 
insoluble charry residue (López Barreiro et al. 2013). HTC has also revealed imminent promise 
for future bio-oil production with lipid-rich microalgal strains; the lipid content undergoes 
hydrolysis to form fatty acids, these are absorbed in high percentages by the char products 
(López Barreiro et al. 2013, Levine, Pinnarat, and Savage 2010). Like hydrothermal liquefaction, 
a second solid-liquid extraction (i.e., emulsification) process could subsequently extract the fatty 
acids to produce biodiesel, together with a nutrient-rich aqueous phase which is used in 
microalga harvesting (Levine, Pinnarat, and Savage 2010, López Barreiro et al. 2013).  
3.2.2.2 Hydrothermal Gasification 
Hydrothermal Gasification or Supercritical Water Gasification (SCWG) is a process where water 
is used as a solvent and reactant at supercritical state (above 380°C and 22.1MPa), the reaction 
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temperatures range from 380 to 700°C, and holding times vary from 1- 90 minutes (Hirano et al. 
1998). SCWG is highly efficient and effective at low microalga concentration, high temperatures 
and longer residence times (Brown, Duan, and Savage 2010, López Barreiro et al. 2013). The 
key disadvantage related to SCWG is capital costs, the quality of gas produced doesn’t meet the 
financial requirement (Brown, Duan, and Savage 2010).  
4.0 Hydrothermal Liquefaction (HTL) 
Hydrothermal Liquefaction is a thermochemical conversion scheme that can be used to convert 
biomass to bio-oil. HTL entails a sequence of reactions including solvolysis, dehydration, 
decarboxylation, and hydrogenation of different functional groups (Xiu and Shahbazi 2012). 
Hydrothermal liquefaction is a reaction of biomass within an aqueous medium; the reaction 
requires high temperatures and pressures (350°C and 20Mpa) to break down and dissolve the 
biomass material successfully, this can be seen in figure 4.1 below (Biller and Ross 2011).  
 
Figure 4.1 Hydrothermal Liquefaction temperature and pressure outline (Biller and Ross 2011) 
At this temperature and pressure, water becomes a highly reactive medium that enables the 
biomass to be successfully converted into hydrocarbons. The products comprised a gas phase, 
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solid phase and bio-oil phase (Two Liquid Phases); this can be seen in Figure 4.2 (López 
Barreiro et al. 2013) below:  
 
Figure 4.2 Hydrothermal Liquefaction Scheme using Microalgae (López Barreiro et al. 2013) 
When liquefaction is successfully achieved, the biomass is decomposed and depolymerized into 
smaller fragment molecules; these molecules are very reactive and re-polymerize to form larger 
bio-oil hydrocarbons (Zhang 2010). The primary goal of breaking down the biomass molecules 
is to remove oxygen and other heteroatoms (i.e. nitrogen and sulfur) which is attained with the 
relevant biomass, in this case, it is nitrogen (Engineering 2001). Due to microalgae being 
comprised of amines, a higher nitrogen content is expected. HTL assists in the removal of 
nitrogen and oxygen through gas phase, although further upgrading steps are required to remove 
most of the nitrogen and for bio-crude to be used as a biofuel (Engineering 2001, Liang et al. 
2017). The HTL effectiveness in terms of removal of nitrogen and oxygen is directly influenced 
by the medium conditions; temperature, catalyst (i.e. homogenous or heterogeneous), holding 
time, heat rate and pressure.  
Dry processes such as flash pyrolysis use drying as a means to remove the moisture from the 
microalga, unfortunately, as microalga is 80% moisture, the energy consumption is considerably 
greater than the HTL process (i.e. Drying and Dewatering) (López Barreiro et al. 2013, Xiu and 
Shahbazi 2012). Compared to other dry and wet processes HTL seems most promising, the 
system schematics of biomass to bio-oil can be seen in Figure 4.3 (López Barreiro et al. 2013, 




Figure 4.3 General Microalgae Biofuel Production Flowsheet (López Barreiro et al. 2013, Toor, Rosendahl, and 
Rudolf 2011) 
4.1 HTL Phase Products 
4.1.1 Bio-Crude Phase 
Bio-crude oil is a type of oil or fuel that was produced through hydrothermal degradation of a 
particular biomass. Lipids, carbohydrates, proteins, and algaenans are all constituents within the 
microalgae structure that influence the overall quality of resulting bio-crude. Bio-crude is darker 
and has a much higher viscosity than traditional petroleum fuels and share several similarities to 
a heavy crude in terms of viscosity, HHV and cetane value (Ross et al. 2010). Bio-crude yields 
from a microalgal biomass generally range from 20 to 45%, general biomasses tend to achieve 
around 35% average bio-crude yields, with yields reaching a maximum of 65% at times (Ross et 
al. 2010, López Barreiro et al. 2013). The effect of experimental conditions and relevant bio-
crude information will be discussed later in section 10.0. 
4.1.2 Solid Residue 
The solid residue comprises very little hydrogen, nitrogen, and oxygen, and holds a very high 
ash content. Most researchers have found the ash content to the range below 10% (López 
Barreiro et al. 2013, Duan and Savage 2010). An elemental analysis of the solid residue from of 
a microalgal strain has been completed and returned with a result of 11.82 % C, 1.41% N, 0.61% 
S and 1.81% H (mole %), the solid residue also contains some valuable nutrients which show 
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potential for a nutrient-rich soil additive. This is already in practice with numerous researchers 
and companies already having processes where they recycle the solid phase for microalgal 
harvesting (Jena, Das, and Kastner 2011, Ross et al. 2010).   
4.1.3 Aqueous Phase 
The aqueous phase obtained from HTL is filled with valuable nutrients and constituents which is 
a useful by-product that can be applied to several other processes such as hydrogen gas 
production and harvesting. Recycling the aqueous phase back into the harvesting medium has 
been found to increase growth rates and nitrogen contents within the medium, ultimately 
improving cell generation (Minowa and Sawayama 1999, Tsukahara and Sawayama 2005). 
Another alternative is recycling the aqueous phase to be used during gasification, due to the 
relatively high hydrogen content, hydrogen gas can be produced as an off-gas (López Barreiro et 
al. 2013).  
4.1.4 Gas Phase 
The gas phase generally consumes 15-20% of the reaction products, it comprises primarily CO2 
and H2 as an off-gas (López Barreiro et al. 2013, Brown, Duan, and Savage 2010).  Other 
gaseous constituents include CH4, N2, C2H4 and C2H6, amounts of CO2 have been reported to 
decrease when the critical point of water is passed, while the yield of CH4 and CO2 increases 
(López Barreiro et al. 2013, Garcia Alba et al. 2011). Low amounts of CO may suggest 
successive and readily reactions forming CO2 and H2 primarily, which means that oxygen 
removal in HTL mainly occurs by decarboxylation (Garcia Alba et al. 2011).  
4.2 Comparison of conversion schemes 
There are several successful conversion schemes for bio-oil production, hydrothermal 
liquefaction and fast pyrolysis are the two primary processes used today. HTL is conducted 
under increased pressures and temperatures to keep water in either liquid or supercritical state. 
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The water allows the thermochemical reactions to take place at lower temperatures and 
eliminates the need to dry the biomass, effectively saving energy and costs(Xiu and Shahbazi 
2012). A comprehensive study was completed in 2012 by Xiu, and Shahbazi, which reviewed all 
current bio-oil production and upgrading research. Table 4.1 (Xiu and Shahbazi 2012) is a 
comparison of the two most common conversion schemes.  
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Pyrolysis and HTL both have beneficial traits, with capital costs, quality of fuel and oil yields 
being the three mediating factors, HTL produces High-quality bio-oil at high costs, whereas 
pyrolysis produces lower quality fuel at lower capital costs (Xiu and Shahbazi 2012, Biller and 




4.3 Effect of Experimental Conditions 
Hydrothermal liquefaction is carried out in a pressure reactor, under relatively high temperatures 
ranging from 250 to 400°C, and high pressures between 5-20 MPa, most studies found Na2CO3 
to be an effective catalyst (Xiu and Shahbazi 2012, Biller and Ross 2011, López Barreiro et al. 
2013). Operating parameters such as temperature, holding time, catalyst, and pressure are crucial 
elements which contribute to achieving a high-grade bio-crude product. 
4.3.1 Holding time 
Residence time, or holding time, refers to the amount of time the biomass spends inside the 
reactor at the reaction temperature, average residence times range from 5 to 60 minutes. 
Temperature and holding time are closely linked, with optimal bio-oil yields achieved at high 
temperatures and short residence times (López Barreiro et al. 2013, Xiu and Shahbazi 2012). 
Previous studies evidently found a shorter holding time to be more successful, due to secondary 
decomposition reaction occurring after 30 minutes, ultimately reducing the overall yield (Yang et 
al. 2004). Minowa et al. (Minowa et al. 1995) found a higher residence to decrease the viscosity 
of the bio-oil, similar to high temperatures.  
4.3.2 Catalysts 
Catalysts can be categorized into homogeneous and heterogeneous states; homogeneous catalysts 
are commonly known to be most effective (i.e. Na2CO3 and KOH), they decrease the solid 
residue and increase the bio-crude yield, this is consistent with various sources (López Barreiro 
et al. 2013, Liang et al. 2017, Xiu and Shahbazi 2012, Ross et al. 2010). Catalysts increase the 
pH of the biomass, which in return initiates dehydration and encourage decarboxylation to occur, 
a shift in the water-gas phase also promotes higher concentrations of H2 and CO2 to report to the 
gas phase (Liang et al. 2017, López Barreiro et al. 2013). A higher H2 concentration contributes 
to a higher heating value (Toor, Rosendahl, and Rudolf 2011).  Na2CO3 is considered an 
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effective catalyst compared to other homogeneous catalysts such as lactic or acetic acids, which 
have shown to have an undesirable effect on the oxygen content (Ross et al. 2010).  
Heterogeneous catalysts have been quite unconventional, downsides such as sintering, 
dissolution and intraparticle diffusion restrictions have limited the interest in heterogeneous 
catalysts. Six different heterogeneous catalysts were tested by Duan and Savage (Duan and 
Savage 2010) under different environments (i.e. Reducing H2 or Inert with He) conditions. For a 
He inert environment, all six catalyst and un-catalyst reactants improved the bio-crude yield, 
though under reducing H2 environments only the uncatalyzed process had improved yields 
(Duan and Savage 2010). Although Heterogeneous catalysts are not always favorable, a few 
positive traits have been reported by Biller et al. (Biller, Riley, and Ross 2011) in regards to 
higher heating values, lower oxygen content and also de-nitrogenating. Compared to 
homogeneous catalysts, heterogeneous catalysts have significant value in energy preservation, 
which could ultimately improve the energy restraints associated with the production of 
alternative fuels (López Barreiro et al. 2013, Duan and Savage 2010).  
4.3.3 Temperature 
Temperature is an important aspect of the HTL process; higher temperatures appear to increase 
the bio-crude yield and contributes to the bio-crude properties, lowering the oxygen content and 
consequently increasing the high heating value (López Barreiro et al. 2013, Torri et al. 2012). 
Once the temperature rises above the supercritical state, the bio-crude yield starts to diminish due 
to radical-induced cracking of bio-crude molecules, causing lighter hydrocarbons to report to the 
gas phase (Torri et al. 2012, López Barreiro et al. 2013). Above subcritical temperatures, the 
organic material in the nutrient-rich aqueous phase decreases, it is thought that higher 
temperatures promote conversion of intermediate water-soluble products (López Barreiro et al. 
2013, Torri et al. 2012, Yang et al. 2004, Brown, Duan, and Savage 2010). The solid residue also 
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decreases at higher temperatures, due to greater gas yields, producing higher concentrations of 
CH4 and C2 hydrocarbons (Torri et al. 2012).  
5.0 Bio-crude Emulsification (using Biodiesel) 
5.1 Bio-crude or, Bio-oil 
Bio-oil or Bio-crude is a dark brown viscous liquid, consisting of several different organic 
complexes such as acids, aldehydes, alcohols, esters, ketones, and phenols (Xiu and Shahbazi 
2012, Yin et al.). Bio-oil has the potential to serve as a more economical and sustainable 
transport fuel, although, bio-oil does have several undesired properties which have halted the 
biofuel application. Compared to petroleum-based fuels, bio-oil have the following negative 
features (Xiu and Shahbazi 2012, López Barreiro et al. 2013): 
• high viscosity, 
• high water content,  
• high ash content,  
• high corrosiveness (i.e. very acidic) 
• high oxygen content 
• high nitrogen content  
To overcome these limitations, bio-oil needs to be upgraded by a subsequent extraction process 
to remove impurities and improve the fuel quality. Bio-oil can be applied to several different 
systems such as (López Barreiro et al. 2013, Xiu and Shahbazi 2012, Mata, Martins, and Caetano 
2010):  
1. Fuel source for heat generation (i.e. Boiler or furnace) 
2. Used for transport fuel after upgrading 
3. Production of Chemicals such as Fertilizers and acids 
4. Used to produce adhesives 
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5. Fuel source for power generation 
5.2 Bio-oil, Diesel, Heavy Oil, and Gasoline fuel properties 
An evaluation of applicable fuel properties such as viscosity, heating value, density and 
elemental composition of different types of petroleum-based fuels (i.e. bio-oil, diesel, heavy oil 
and gasoline) can be seen in Table 5.1 below. 
Table 5.1 Bio-oil, diesel, heavy oil and gasoline fuel properties 
Fuel Property Units Bio-oil Diesel Heavy 
Oil 
Gasoline 
Water Content  (wt%) 15-50 0.1 0.1 0.025 
Solid Phase  (wt%) <1 0.2-2.5 <0.5 - 
Ash Content  (wt%) <1 >0.3 <0.01 - 
C  (wt%) 32-75 85 85-86 84-88 
H  (wt%) 4-8.5 12.5 13-15 12-16 
N  (wt%) <0.4 0.2 0.1 0.1 
O  (wt%) 15-60 1 - - 











Density (15℃)  (kg.m^-3) 1100-1300 <980 850 700-800 
Flash Point  (℃) 40-110 <130 40-55 - 
Cock yield  (wt%) 17-23 <20 0.1-3 - 
LHV  (MJ/kg) 13-18 38-40 40-46 46 
pH  2-3 - - - 
 
5.3 Bio-oil Upgrading techniques 
After the conversion of biomass, the products comprise of two liquid phases (Bio-oil and 
Nutrient-rich liquid), a gas phase and solid phase, the solid phase has a high ash content, with 
limited hydrogen, sulfur and nitrogen content. The nutrient-rich aqueous phase is recycled back 
to be used in the harvesting stage; it provides many beneficial nutrients which improve growth 
rates and lipid yields (Yin et al. , López Barreiro et al. 2013, Mata, Martins, and Caetano 2010). 
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The gas phase consists primarily of CO2 and H2, with trace amounts of CH4, C2H4, and C2H6 
(López Barreiro et al. 2013, Xiu and Shahbazi 2012, Jiang and Ellis 2009). The two liquid 
phases a gas phase (Only non-condensable gasses) are then cooled for separation; the solid 
residue is removed by filtration before cooling (Jones et al. 2014, Yin et al.). Bio-oil can be 
upgraded using several different practices such as catalytic hydrogenation, catalytic steam 
reforming, catalytic esterification, catalytic cracking and lastly emulsification (Yin et al.). All 
these methods are viable options, though emulsification of bio-crude using biodiesel has shown 
the most promise, this process is not only most economical, it also allows for biofuel to be 
injected directly in transport vehicles, as a cheaper and environmentally friendly biofuel (Yin et 
al.). Table 5.2 (Xiu and Shahbazi 2012) below illustrates the various upgrading methods, their 
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Figure 13.1 in Appendix A is a visual representation of the pressure and temperature points at 
which the different upgrading methods operate.  
The primary concern with the above upgrading technologies is material costs, lack of knowledge 
and extraction equipment. These limitations have prevented the advancement of upgrading 
applications. 
5.4 Emulsification with Bio-diesel 
Emulsification with diesel refers to when bio-oil is emulsified with bio-diesel to improve the bio-
oil characteristics and remove undesired traits (i.e. High Viscosity, High corrosiveness). Bio-oil 
carries similar properties to petroleum diesel such as high heating values and lowers oxygen 
contents. Though untreated bio-oil does not meet the high standards of petroleum fuels (Jiang 
and Ellis 2009, Yin et al.). Emulsification of bio-oil with biodiesel has proven to be an 
economical and viable scheme to produce high-grade transport fuels (Jiang and Ellis 2009). 
Emulsification involves a process wherein droplets of one immiscible liquid (internal phase) are 
encapsulated within another immiscible liquid phase (Continuous Phase). For a stable emulsion, 
several conditions need to be met; (a) Two liquids must be immiscible; (b) agitation is required 
for mixing; (c) emulsifying agent or surfactant for better stability (Chiaramonti et al. 2003b, 
Jiang and Ellis 2009). 
The emulsion of bio-oil increases the calorific value, cetane number of the biofuel, and decrease 
the viscosity; this is consistent with various studies (Ikura, Stanciulescu, and Hogan 2003, 
Chiaramonti et al. 2003a). Emulsion ratios of 25, 50, 75 wt.% with diesel fuels with an octanol 
surfactant were tested by Chiaramonti et al. (Chiaramonti et al. 2003a, b), they found optimal 
conditions for a stable emulsion at 30°C, with 4% by volume octanol surfactant, bio-oil/biodiesel 
ration of 4:6 by volume, mixing time of 15 minutes and stirring rate of 1200 rpm (Xiu and 
Shahbazi 2012). Overall, the emulsion process is simple and relatively successful, future 
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endeavors will allow for a better understanding of the reaction mechanism and improve the 
productivity and effectivity of the upgrading process.  
5.4.1 Emulsification conditions 
5.4.1.1 Stirring Speed and Time 
The most important parameter that can influence the emulsion stability is agitation rate; higher 
stirring rates lead to improved emulsions and interactional areas (Jiang and Ellis 2009). The 
droplet radii decreased with increase stirring time and intensity, thus enhancing the effectiveness 
of the emulsifier. However, longer mixing times can decrease the effectiveness. Mixing 
durations were varied from 10 to 30 minutes, and stirring rates between 500 to 1200 rpm, a 
higher stirring rate reported most successful (Jiang and Ellis 2009, Chiaramonti et al. 2003b, Yin 
et al.).  
5.4.1.2 Temperature 
Mixing temperatures range from 25 to 50°C; temperature applies thermochemical energy to the 
emulsion which decreases the viscosity and interfacial area, ultimately making the emulsion 
process easier (Yin et al.). However, temperatures above 40°C tend to destabilize the emulsion, 
due to coagulation of the droplets, the efficiency of the surfactant is also compromised due to 
separation from droplets (Jiang and Ellis 2009). Overall, the temperature had minimal effect on 
the stability.  
5.4.1.3 Emulsification Agents 
The surfactant concentration is an important aspect for a stable emulsion, low levels caused 
instability due to agglomeration of the oil droplets, at higher concentrations the mixture stays 
stable as a result of rapid coalescence (Prakash, Singh, and Murugan 2013, Jiang and Ellis 2009). 
The ideal concentration of the surfactant was found to be 4% by volume (Jiang and Ellis 2009). 
Several studies have found promising results without the use of a surfactant as well, both with 
and without a catalyst are suitable for bio-crude emulsions with biodiesel (Jiang and Ellis 2009, 
Yin et al.).  
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6.0 Research Specifics 
6.1 Microalgal Specifics:  
The microalgal strain selected to be used in this project is chlorella vulgaris, this is a eukaryotic, 
unicellular green alga. The strain is composed of 55% Protein, 9% Carbohydrates, and 25% 
Lipids (López Barreiro et al. 2013). Several other researchers have also conducted tests with the 
Chlorella strain, with different experimental conditions. At 350℃ with an Al2O3 catalyst yields 
of up to 38.9% were achieved, with a nitrogen content of 5.6% (Biller, Riley, and Ross 2011, 
Ross et al. 2010). Furthermore, tests were completed by the same author at 350℃ with no 
catalyst which produced a yield of 36%, and nitrogen content of 5.9% (Biller and Ross 2011).  
6.2 Hydrotreating Specifics 
To obtain a represented sample, two temperatures will be tested (300℃ and 325℃) at a holding 
time of 60 minutes with no catalyst. Three tests will be conducted using an autoclave reactor at 
each temperature respectively. Each medium will contain a 10% by weight microalgal content 
with water. Dichloromethane (DCM) will be the primary solvent which is used to extract the 
valuable bio-crude properties from both the bio-crude and aqueous phases. The sample will be 
centrifuged for 15 minutes at 3000 rpm, the top and bottom phases will be separated by 
extracting the top phase with a 10mL syringe. The DCM bottom phase will then be flushed with 
nitrogen for 24 hours continuously. The bio-crude product will then be prepared for blending 
with biodiesel.   
6.3 Upgrading Specifics  
After attaining a bio-crude sample from HTL, both bio-crude and biodiesel samples were heated 
to 60℃ for 15 min in a water bath prior to mixing. Different mixing ratios including 10, 20, 40 
and 50 wt% bio-crude were used from both the 300℃ and 325℃ samples, once combined, the 
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samples were agitated for 15 minutes and left to cool down for 24 hours. The two phases were 
then separated into a biodiesel upgraded phase top and bio-crude bottom phase.   
7.0 Materials 
7.1 Reagents 
• Dichloromethane (Sigma-Aldrich, 99% purity) 
• Deionized Water (DI Water) 
• Organic Chlorella (Strain: chlorella vulgaris)  
• Acetone 
• Biodiesel; Obtained through Western Australian Renewable Fuels Association 
• Ethanol (Cleaning) 
• No Surfactant or Emulsifier Used 
7.2 Equipment 
• Series 4520 Pressure Reactor System (Model No. 4523), Parr Instrumental Company 
• Glass Stirrer 
• Glass Beakers (1L, 500mL, and 250mL) 
• Volumetric Flasks (1L and 500ml) 
• Perkin-Elmer 2400 series II CHNS/O elemental analyzer 
• Centrifuge 50ml Vessels 
• 10 mL Syringe 
• Digital Scale 
8.0 Experimental Procedure 
8.1 Hydrotreating – Hydrothermal Liquefaction 
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1. Prepare a microalgal based slurry containing a 10wt% preparation of microalgae slurry. 
To prepare a microalgae slurry with a solid concentration of ~10 wt%, weigh 50g dry 
microalgae, and 450 mL of distilled water. Then mix the microalgae and water 
thoroughly using a magnetic stirrer. 
2. Before opening the reactor vessel, open the gas release valve to discharge any internal 
pressure. For vessels with a confined flat PTFE gasket, loosen the six bolts. For vessels 
with O ring closure, loosen the latches on each side of the split rings. The split ring 
halves can now be removed. The head with all attached fittings is free to be lifted from 
the cylinder.  
3. Gradually put the microalgae slurry in the reactor vessel and close the reactor by putting 
the split ring halves around the head and cylinder flanges, fasten the latches or tighten the 
bolts.  
4. The motor (stirrer) is contained in the over arm assembly attached to the cart. The 
overarm is aligned at the top of the vessel. Pull on the release knob to allow the upper 
drive shaft to be connected to the magnetic stirrer.  
5. Connect the power cord from the heater into the heater socket on the rear panel of the 
controller. 
6. Plug the power cord of motor into the motor socket on the rear end of the controller, the 





Figure 8.1 Series 4520 Pressure autoclave reactor system (Model No. 4523) 
7. Connect the thermocouple extension wire to both the thermocouple and to the controller 
in the ‘Primary temperature input’ position on the rear of the panel. Insert the 
thermocouple into thermowell. 
8. Connect leads from accessory packages such as tachometer, pressure transducer and high 
temp. cut off to the designed positions on the back of the controller. 
9. Connect the cooling water to the internal cooling coil and the magnetic stirrer. 
10. Adjust the temperature setpoint to 300 °C on the controller (Press up and down arrow 
until the lower display shows the set point. The lower display will blink showing the 
value has not set yet. Press the set button to stop blinking and get the set point). The 




Figure 8.2 Autoclave Controller 
11. Set the high-temperature alarm setpoint (usually 355 °C) 
12. Set the reactor vessel pressure to 305 psi (21 bar) and high-pressure alarm set point from 
pressure display module (PDM). 
13. Set the stirring speed of 60 rpm from the tachometer display module (TDM) 
14. Check and close all the valves before admitting He gas in the vessel and make sure the 
pressure in the gas tank is higher than the pressure of the vessel. After the desired 
pressure has been reached, close the valves and disconnect the hose at the vessel end. 
15. Hold the reactor at the desired peak temperature for 1 h. Then turn off the heater and 
allow the reactor cool down naturally. Slowly open the gas relief valve to withdraw the 
gas. Remove all connections carefully. Reactor contents are emptied into the beaker.  
16. Afterward, the product will be extracted with dichloromethane (Sigma-Aldrich, 99% 
purity). Also, the reactor will be rinsed with acetone to collect all the samples stuck on 
the reactor wall.  
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17. The sample mixture will be vacuum filtrated (glass microfiber filter, Whatman GF/B, 1 
μm pore size) with a simple system consisting of a Buchner funnel, a sidearm flask, and a 
pump. To remove any residual solvent, the solids were dried at 105 °C over 24 h and 
finally quantified. 
18. After filtration, the filtrate will be centrifuged at 7500 rpm for 15 min to optimize the 
separation between the dichloromethane bottom phase and the aqueous top phase, which 
will be subsequently recovered by aspiration using a syringe. The two phases can be seen 
in Figure 7.3 below, the aqueous phase is quite light and see-through in comparison to the 
dark complexity of the DCM phase.  
 
Figure 8.3 DCM bottom phase and Aqueous Top Phase 
19. The water-soluble organics will be quantified in the following way: first, 2 mL of 
aqueous phase will be evaporated at around 70 °C for 24 h, obtaining a mixture of 
organics and ash soluble in water; after that, this mixture will be treated at 550 °C for 5 h 
to quantify only the ash, which is subtracted from the previous mass of organics and ash.  
20. In a similar way, the dichloromethane will be removed by evaporation and recovered by 
using a cold trap system.  
21. Finally, to obtain an oil product totally free of solvent, the sample will be placed under 
continuous flushing with N2 as a carrier gas for 24 h, to prevent possible lipid oxidation. 
The loss of some light compounds from both evaporation steps (for the aqueous and the 
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dichloromethane phases) is likely, and it should be considered (Torri et al. 2012, López 
Barreiro et al. 2013, Liang et al. 2017, Toor, Rosendahl, and Rudolf 2011). 
 
Figure 8.4 Nitrogen Flushing 
8.2 Bio-crude upgrading – Emulsification 
After obtaining the bio-oil fraction from hydrotreating, the bio-oil is mixed with commercial 
biodiesel. Before mixing, the samples are heated to 60°C for 30 minutes to overcome viscosity 
complications, at this temperature the bio-oil is less charry which allows for a better mix 
between relevant biodiesel particles, consequently allowing for a better emulsion. The samples 
were blended together with a total weight of 30g, with bio-oil concentrations varying 10%, 20%, 
40%, 50%wt respectively with no surfactant used throughout the process. After both phases have 
been mixed thoroughly, the sample was placed in a water bath at room temperature and allowed 
to cool for 24 hours. The biodiesel rich phase or, biofuel phase was then separated from the bio-
crude bottom phase using a 10mL syringe (Garcia-Perez et al. 2010).  
9.0 Equations 
9.1 Oil yield  
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To determine the oil yield of each respective sample, Equation 1 below was used (Torri et al. 
2012): 
𝑌 = 𝑌𝑖𝑒𝑙𝑑 𝑜𝑓 𝐵𝑖𝑜 − 𝐶𝑟𝑢𝑑𝑒 (%) =  
𝑀𝐵𝑖𝑜−𝑂𝑖𝑙
𝑀𝑀𝑖𝑐𝑟𝑜𝑎𝑙𝑔𝑎𝑒∗𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒
∗ 100                      (1) 
𝑀𝐵𝑖𝑜−𝑂𝑖𝑙 = 𝑀𝑎𝑠𝑠 𝑜𝑓 𝐵𝑖𝑜 − 𝑜𝑖𝑙 (g) 
𝑀𝑀𝑖𝑐𝑟𝑜𝑎𝑙𝑔𝑎𝑒 = 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑀𝑖𝑐𝑟𝑜𝑎𝑙𝑔𝑎𝑒 (𝐷𝑟𝑦) (g) 
𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 = 𝑀𝑜𝑠𝑡𝑢𝑟𝑒 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 (%) 
A comparison of different microalgal strains undergoing HTL at different experimental 
circumstances (i.e. catalyst, temperature and holding time) can be seen in Table 9.1 below, 
relevant bio-crude yields and nitrogen contents (%) of the HTL products are also listed. 
Table 9.1 Literature review of various biomasses undergoing HTL at different conditions 
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9.2 Higher Heating Value (HHV) 
The Heating value or Calorific value of a substance is a term used to represent the amount of 
heat (kJ) released during complete combustion with oxygen under standard conditions. The 
higher heating value (HHV), or higher calorific value (HCV) signifies the upper heating value, 
this is calculated by combining all the products in terms of elemental composition (I.e. Carbon, 
Hydrogen, Oxygen, Sulphur, and Nitrogen). The lower heating value (LHV), or lower calorific 
value (LCV) is the net energy released minus the heat of evaporation, this means water is treated 
as vapor, and any energy required to vaporize water is not released as heat (Schmidt-Rohr 2015). 
The HHV value increases with increasing temperatures during HTL, this is supported by several 
authors (Jena, Das, and Kastner 2011, Eboibi et al. 2014, Brown, Duan, and Savage 2010, Torri 
et al. 2012). Table 9.2 below shows the mass fraction and HHV values of different compounds 
after HTL (Biller and Ross 2011). 
Table 9.2 Comparison of Higher heating values and Chemical compositions of different biomasses after HTL at 
325℃ (Biller and Ross 2011) 
 
Compound 




C H N S O 
Albumin 44.6 6.4 12.6 0.2 36.4 23.3 
Asparagine 32.2 6.6 18.7 0 42.5 19.3 
Glutamine 40.5 6.7 19.1 0 33.7 22.3 
Glucose 34.4 5.9 0 0 59.8 19.2 
Starch 38.5 6 0 0 55.5 20.7 
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Chlorella 52.6 7.1 8.2 0.5 32.2 23.2 
Nannochloropsis 57.8 8 8.6 NA 25.7 17.9 
Porphyridium 51.3 7.6 8 NA 33.1 14.7 
Spirulina 55.7 6.8 11.2 0.8 26.4 21.2 
 
Different types of Biomass HHV’s and elemental configurations can be seen in Table 9.2 above, 
general HHV’s were <25 MJ/Kg. The oxygen and nitrogen content ranged from 25 to 60 dry ash 
free (daf) and 0 to 20 daf, respectively. The sulfur content was negligible throughout. The 
elemental configuration and HHV’s of a single chlorella microalgal strain under different 
catalyst conditions can be seen in Table 9.3 below. Since this is the same strain being used in this 
investigation, comparisons can be made later in terms elemental composition and HHV. 
Table 9.3 HHV and Chemical composition of Chlorella microalgal strain with three different catalysts 
    Composition (Mass %)   
Strain Catalyst C H N S O HHV (MJ/kg) 
Chlorella H20 70.7 8.6 5.9 0 14.8 35.1 
  Na2CO3 73.6 10.7 4.9 0 10.7 37.1 
  HCOOH 70.8 9.1 5.3 0.6 13.9 33.2 
 
Due to the availability of testing equipment, the Dulong Formula was used to calculate the 
respective heating value (MJ/Kg) of each bio-oil sample. The Dulong formula is as follows 




) =   4.18 x (78.4 ∗  C +  241.3 ∗ (H ∗
O
8
 ) +  22.1 ∗  S)                    (2) 
Where C, H, O, N and S represents the mass percentage of carbon, hydrogen, oxygen, sulfur, and 
nitrogen, respectively (Vardon et al. 2011).  
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9.3 Elemental Analysis – C, H, N, S, and O 
After all experimentation steps have been successfully completed, the bio-crude, biodiesel and 
biofuel samples were tested by a Perkin-Elmer 2400 series II CHNS/O elemental analyzer, the 
test was kindly completed by students from Curtin University, WA. This examination shows the 
carbon, hydrogen, nitrogen, sulfur and oxygen content of each sample and is crucial to recognize 
whether or not the final biofuel product can be used as a fuel substitute (Srokol et al. 2004, Torri 
et al. 2012). Due to the number of samples and costs of elemental testing, not all samples were 
tested, the samples that were tested include:  
• Bio-crude (325℃) 
• Biodiesel (Blank) 
• 20% Biodiesel top phase 
• 20% Bio-crude bottom phase 
• 40% Biodiesel top phase 
• 40% Bio-crude bottom phase 
The emulsified 20% and 40% bio-crude/biodiesel samples were chosen to be tested on research-
based results, these ratios showed very promising outcomes in terms of final nitrogen content, 
viscosity, and oxygen. Both the top and bottom phases were tested in order to determine the 
efficiency of the emulsification, due to particles colliding and blending together small chemical 
exchanges occur which changes the original phase chemical composition.  
10.0 Discussion and Results 
10.1 Hydrothermal Liquefaction results 
Table 10.1 below demonstrates the experimental data of the HTL products. This includes the 
solid residue, aqueous phase and bio-crude yields of all 6 samples. The reported bio-crude yields 
ranged from 28% to 40% which is promising as these values are very similar to several other 
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literature studies as seen in Table 9.1 above (Biller and Ross 2011, López Barreiro et al. 2013). 
At 325℃ the bio-crude yield ranged from 30% to 40% and at 300℃ ranged from 28% to 33%. 
This reiterates the relationship between temperature and oil yield as seen in earlier chapters. The 
solid residue of all samples ranged from 1.5% to 2.5%, higher solid residues were reported at 
325℃ compared to 300℃, which is comparable to other studies (Biller and Ross 2011). As 
stated in the methods, no catalyst was used throughout the HTL process. The moisture content of 
all samples was assumed to be 5%, based on previous studies (Garcia Alba et al. 2011, 
Westerhof et al. 2007).  







% Moisture % Aqueous 
Phase 
BO-300-1 300 1.942 33.161 0.05 49.897 
BO-300-2 300 1.991 28.164 0.05 54.845 
BO-300-3 300 1.487 32.082 0.05 51.431 
BO-325-1 325 2.374 39.257 0.05 43.369 
BO-325-2 325 2.209 38.473 0.05 44.318 
BO-325-3 325 1.870 30.500 0.05 52.630 
 
The samples are represented as BO-300-1, which mean bio-oil sample 1 at 300℃.  
Figures 13.1 and 13.2 demonstrates the relative bio-crude yields in a graph at both temperatures 
and can be seen in Appendix A.  
Unfortunately, due to the gas phase not being captured and tested throughout all six samples, 
accurate evaluations can’t be made in terms of gas phase percentage and composition. Using data 
from previous studies, a gas phase percentage of 15% is assumed, which leaves an aqueous 
phase ranging from 40% to 55%, respectively. In Figure 10.1 below, all 4 phases can be seen in a 
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bar graph, illustrating each phase percentage of the product. Samples BO-325-1 and BO-325-2 
have the smallest aqueous phase, with the remainder of samples being above 50%.  
Interpreting the results from the HTL, it can be concluded that the thermochemical conversion of 
microalgae to bio-oil has been a success, with relatively high yields obtained throughout. The 
HTL process is simple and reliable as a primary conversion mechanism, future endeavours will 
focus on understanding the mechanism better and improve the energy efficiency of producing 
bio-oil from a biomass.  
 
Figure 10.1 Percent Bio-crude, Aqueous, gas and solid phase of HTL products 
10.2 Emulsification Results 
Table 10.2 below illustrates the elemental composition (%) of each of the 6 samples investigated 
along with their calculated HHV. The bio-crude (Blank) sample had a relatively high nitrogen 
content which is predictable due to the amines within the microalgal compound, the N, C, O and 
H contents are all comparable to the figures from Table 9.2 and 9.3 above, this signifies that 
accurate results were achieved from the HTL stage of the experiment. The biodiesel sample had 
0.0% N and 19.22% oxygen. The HHV’s were calculated using equation 2, the HHV’s of 
biodiesel and bio-crude were 46.243 MJ/kg and 36.507 MJ/kg, respectively. The 20% and 40% 















































comparable to results in previous studies listed in Table 5.1 above. The LHV’s of heavy oil, 
diesel, and gasoline ranges from 38-50 MJ/kg, considering the LHV is normally somewhat 
lower, the HHV’s of the 20% and 40% biodiesel samples are in an acceptable range for use as a 
biofuel.  
Table 10.2 Elemental Composition (%) and relevant higher heating value (HHV) of represented samples 




C H N O S Higher Heating 
Value (MJ/Kg) 
Biodiesel 63.64 10.45 0.01 19.22 0.73 46.24 
Bio-Crude 
(Blank) 
60.06 6.62 4.33 20.02 1.32 36.50 
20% Biodiesel 
Top phase 
63.31 10.03 0.62 18.80 1.22 44.63 
20% Bio-crude 
Bottom Phase 
55.14 6.55 3.49 23.42 1.61 37.57 
40% Biodiesel 
Top phase 
62.88 9.47 1.34 18.86 1.22 43.25 
40% Bio-crude 
Bottom Phase 
56.88 6.44 3.19 22.82 1.56 37.30 
 
The elemental composition of the 20% and 40% biodiesel samples also showed promise, with a 
carbon content of 63.31% and 62.88%, both these levels are slightly lower than other fossil-
based fuels but are predictable due to the oxygen and nitrogen content consuming a high 
concentration of the overall composition.  
10.2.1 Bio-crude to Biodiesel Ratio 
The ratio of bio-crude to biodiesel also influenced the final composition of the biofuel top phase, 
the 20% and 40% bio-crude/biodiesel samples had a nitrogen and oxygen content of 0.62% and 
18.80%, and 1.34% and 18.86%, respectively. This demonstrates the chemical transformations 
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which take place during emulsification, the biodiesel top phase is seen to absorb nitrogen from 
the bio-crude bottom phase.  
The 20% and 40% bio-crude/biodiesel samples both illustrated promising results for biofuel 
production, the elemental composition and HHV’s are within an acceptable range to be 
considered as a biofuel. For future endeavours, a mechanism to remove more oxygen will allow 
the HHV and carbon content of the biofuel to increase, which in return will improve the quality 
of the biofuel.  
10.3 Experimental Complications and adjustments 
Throughout the experiment some complications had to be overcome in order to deem the results 
accurate and correct, these implications do affect the results obtained, but adjustments were 
made in an effort to minimize the end product. The following difficulties were overcome during 
practical experimentation stages of the report:  
10.3.1 Mass loss during testing stages 
Due to the complexity of bio-crude, aspects such as viscosity and melting point needs to be 
considered, when at room temperature the bio-crude would be quite “sticky” and difficult to 
handle. The Bio-crude samples would stick to the reactor walls, beakers, reactor agitator and 
tools used during transferring oil samples, this may lead to marginal mass loss, this mass loss 
was taken into account during final calculations. Water baths at 60℃ were used during sample 
handling in order to lower the viscosity of the bio-crude, this enabled easier control over mass 
loss.  
10.3.2 Bio-crude viscosity during emulsification 
Similar problems were experienced during the emulsification stages, due to the high melting 
point of bio-crude, additional water baths were used before emulsions, to ensure both bio-crude 
and biodiesel samples have similar viscosities. The will allow all particles to properly combine 
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and interact for maximum particle transfer (López Barreiro et al. 2013). Alterations were also 
made to the emulsifying/mixing temperature, which was initial 30℃ (Jiang and Ellis 2009, Xiu 
and Shahbazi 2012), but was changed to 60℃, at 30℃ the bio-crude was still tarry, and wouldn’t 
mix with the respective biodiesel phase.  
10.3.3 Nitrogen Flushing 
Nitrogen flushing was the last step during hydrotreating, this involved nitrogen to be flushed 
through the DCM rich phase, this removes all the remaining DCM solvent and just leaves the 
bio-crude. To ensure the solvent have been completely removed, regular masses were taken of 
the sample, when there is no more mass loss then all the DCM have been removed.  
11.0 Conclusion 
In conclusion, to produce a feasible biofuel product on a larger scale, thermochemical conversion 
and upgrading systems have to be more efficient and less costly, this will allow microalgal 
biomass to be respected as a possible new source of clean energy. In this report, a comprehensive 
study has concluded that producing biofuel from microalgae is a possibility, with an appropriate 
upgrading technique (Emulsification with Biodiesel) the biofuel produced is high quality which 
contains comparable fuel properties to traditional fossil fuels. Emulsification was used as the 
primary advancement scheme and showed promising improvements to the biofuel top phase. 
Due to the lack of interest in this field, strong and dependable conclusion can’t be made for 
future work. Interest in this field of work is an important attribute which will drive the necessity 








Arenas, E. G., M. C. Rodriguez Palacio, A. U. Juantorena, S. E. L. Fernando, and P. J. Sebastian. 2017. 
"Microalgae as a potential source for biodiesel production: techniques, methods, and other 
challenges."  International Journal of Energy Research 41 (6):761-789. doi: 10.1002/er.3663. 
Biller, P, R Riley, and AB Ross. 2011. "Catalytic hydrothermal processing of microalgae: decomposition 
and upgrading of lipids."  Bioresource technology 102 (7):4841-4848. 
Biller, P., and A. B. Ross. 2011. "Potential yields and properties of oil from the hydrothermal liquefaction 
of microalgae with different biochemical content."  Bioresource Technology 102 (1):215-225. 
doi: 10.1016/j.biortech.2010.06.028. 
Brown, Tylisha M., Peigao Duan, and Phillip E. Savage. 2010. "Hydrothermal liquefaction and gasification 
of Nannochloropsis sp."  Energy and Fuels 24 (6):3639-3646. doi: 10.1021/ef100203u. 
Chiaramonti, D., M. Bonini, E. Fratini, G. Tondi, K. Gartner, A. V. Bridgwater, H. P. Grimm, I. Soldaini, A. 
Webster, and P. Baglioni. 2003a. "Development of emulsions from biomass pyrolysis liquid and 
diesel and their use in engines—Part 1 : emulsion production."  Biomass and Bioenergy 25 
(1):85-99. doi: http://dx.doi.org/10.1016/S0961-9534(02)00183-6. 
Chiaramonti, D., M. Bonini, E. Fratini, G. Tondi, K. Gartner, A. V. Bridgwater, H. P. Grimm, I. Soldaini, A. 
Webster, and P. Baglioni. 2003b. "Development of emulsions from biomass pyrolysis liquid and 
diesel and their use in engines—Part 2: tests in diesel engines."  Biomass and Bioenergy 25 
(1):101-111. doi: http://dx.doi.org/10.1016/S0961-9534(02)00184-8. 
Chisti, Yusuf. 2007. "Biodiesel from microalgae."  Biotechnology advances 25 (3):294-306. 
Duan, Peigao, and Phillip E Savage. 2010. "Hydrothermal liquefaction of a microalga with heterogeneous 
catalysts."  Industrial & Engineering Chemistry Research 50 (1):52-61. 
Eboibi, B. E., D. M. Lewis, P. J. Ashman, and S. Chinnasamy. 2014. "Effect of operating conditions on yield 
and quality of biocrude during hydrothermal liquefaction of halophytic microalga Tetraselmis 
sp."  Bioresource Technology 170:20-29. doi: https://doi.org/10.1016/j.biortech.2014.07.083. 
Engineering, Department of Agricultural and Biological. 2001. "Illini Algae - Hydrothermal Liquefaction." 
Garcia-Perez, Manuel, Jun Shen, Xiao Shan Wang, and Chun-Zhu Li. 2010. "Production and fuel 
properties of fast pyrolysis oil/bio-diesel blends."  Fuel Processing Technology 91 (3):296-305. 
Garcia Alba, Laura, Cristian Torri, Chiara Samorì, Jaapjan van der Spek, Daniele Fabbri, Sascha RA 
Kersten, and Derk WF Brilman. 2011. "Hydrothermal treatment (HTT) of microalgae: evaluation 
of the process as conversion method in an algae biorefinery concept."  Energy & fuels 26 
(1):642-657. 
Hirano, A., K. Hon-Nami, S. Kunito, M. Hada, and Y. Ogushi. 1998. "Temperature effect on continuous 
gasification of microalgal biomass: theoretical yield of methanol production and its energy 
balance."  Catalysis Today 45 (1):399-404. doi: 10.1016/S0920-5861(98)00275-2. 
Hosokai, Sou, Koichi Matsuoka, Koji Kuramoto, and Yoshizo Suzuki. 2016. "Modification of Dulong's 
formula to estimate heating value of gas, liquid and solid fuels."  Fuel Processing Technology 
152:399-405. doi: https://doi.org/10.1016/j.fuproc.2016.06.040. 
Ikura, Michio, Maria Stanciulescu, and Ed Hogan. 2003. "Emulsification of pyrolysis derived bio-oil in 
diesel fuel."  Biomass and Bioenergy 24 (3):221-232. doi: http://dx.doi.org/10.1016/S0961-
9534(02)00131-9. 
Jena, Umakanta, K. C. Das, and J. R. Kastner. 2011. "Effect of operating conditions of thermochemical 
liquefaction on biocrude production from Spirulina platensis."  Bioresource Technology 102 
(10):6221-6229. doi: https://doi.org/10.1016/j.biortech.2011.02.057. 
Jiang, Xiaoxiang, and Naoko Ellis. 2009. "Upgrading bio-oil through emulsification with biodiesel: mixture 
production."  Energy & Fuels 24 (2):1358-1364. 
Jones, Susanne B., Yunhua Zhu, Daniel B. Anderson, Richard T. Hallen, Douglas C. Elliott, Andrew J. 
Schmidt, Karl O. Albrecht, Todd R. Hart, Mark G. Butcher, Corinne Drennan, Lesley J. Snowden-
Swan, Ryan Davis, and Christopher Kinchin. 2014. Process Design and Economics for the 
Conversion of Algal Biomass to Hydrocarbons: Whole Algae Hydrothermal Liquefaction and 
Upgrading. ; Pacific Northwest National Laboratory (PNNL), Richland, WA (US). 
40 
 
Levine, Robert B, Tanawan Pinnarat, and Phillip E Savage. 2010. "Biodiesel production from wet algal 
biomass through in situ lipid hydrolysis and supercritical transesterification."  Energy & Fuels 24 
(9):5235-5243. 
Liang, Shaobo, Liqing Wei, Maxine L. Passero, Kevin Feris, and Armando G. McDonald. 2017. 
"Hydrothermal liquefaction of laboratory cultivated and commercial algal biomass into crude 
bio‐oil."  Environmental Progress & Sustainable Energy 36 (3):781-787. doi: 10.1002/ep.12629. 
López Barreiro, Diego, Wolter Prins, Frederik Ronsse, and Wim Brilman. 2013. "Hydrothermal 
liquefaction (HTL) of microalgae for biofuel production: State of the art review and future 
prospects."  Biomass and Bioenergy 53:113-127. doi: 10.1016/j.biombioe.2012.12.029. 
Mata, Teresa M, Antonio A Martins, and Nidia S Caetano. 2010. "Microalgae for biodiesel production 
and other applications: a review."  Renewable and sustainable energy reviews 14 (1):217-232. 
Matsui, Taka-o, Akihiro Nishihara, Chiyo Ueda, Munetaka Ohtsuki, Na-oki Ikenaga, and Toshimitsu 
Suzuki. 1997. "Liquefaction of micro-algae with iron catalyst."  Fuel 76 (11):1043-1048. 
Minowa, T, and S Sawayama. 1999. "A novel microalgal system for energy production with nitrogen 
cycling."  Fuel 78 (10):1213-1215. 
Minowa, Tomoaki, Shin-ya Yokoyama, Michimasa Kishimoto, and Toru Okakura. 1995. "Oil production 
from algal cells of Dunaliella tertiolecta by direct thermochemical liquefaction."  Fuel 74 
(12):1735-1738. 
Prakash, R, RK Singh, and S Murugan. 2013. "Use of biodiesel and bio-oil emulsions as an alternative fuel 
for direct injection diesel engine."  Waste and Biomass Valorization 4 (3):475-484. 
Ross, A. B., P. Biller, M. L. Kubacki, H. Li, A. Lea-Langton, and J. M. Jones. 2010. "Hydrothermal 
processing of microalgae using alkali and organic acids."  Fuel 89 (9):2234-2243. doi: 
10.1016/j.fuel.2010.01.025. 
Schmidt-Rohr, Klaus. 2015. "Why Combustions Are Always Exothermic, Yielding About 418 kJ per Mole 
of O2."  Journal of Chemical Education 92 (12):2094-2099. doi: 10.1021/acs.jchemed.5b00333. 
Srokol, Zbigniew, Anne-Gaëlle Bouche, Anton van Estrik, Rob C. J. Strik, Thomas Maschmeyer, and Joop 
A. Peters. 2004. "Hydrothermal upgrading of biomass to biofuel; studies on some 
monosaccharide model compounds."  Carbohydrate Research 339 (10):1717-1726. doi: 
10.1016/j.carres.2004.04.018. 
Toor, Saqib Sohail, Lasse Rosendahl, and Andreas Rudolf. 2011. "Hydrothermal liquefaction of biomass: 
A review of subcritical water technologies."  Energy 36 (5):2328-2342. doi: 
https://doi.org/10.1016/j.energy.2011.03.013. 
Torri, Cristian, Laura Garcia Alba, Chiara Samorì, Daniele Fabbri, and Derk W. F. Brilman. 2012. 
"Hydrothermal Treatment (HTT) of Microalgae: Detailed Molecular Characterization of HTT Oil 
in View of HTT Mechanism Elucidation."  Energy & Fuels 26 (1):658-671. doi: 
10.1021/ef201417e. 
Tsukahara, Kenichiro, and Shigeki Sawayama. 2005. "Liquid fuel production using microalgae."  J Jpn Pet 
Inst 48 (5):251. 
Vardon, Derek R., B. K. Sharma, John Scott, Guo Yu, Zhichao Wang, Lance Schideman, Yuanhui Zhang, 
and Timothy J. Strathmann. 2011. "Chemical properties of biocrude oil from the hydrothermal 
liquefaction of Spirulina algae, swine manure, and digested anaerobic sludge."  Bioresource 
Technology 102 (17):8295-8303. doi: https://doi.org/10.1016/j.biortech.2011.06.041. 
Westerhof, Roel J. M., Norbert J. M. Kuipers, Sascha R. A. Kersten, and Wim P. M. van Swaaij. 2007. 
"Controlling the Water Content of Biomass Fast Pyrolysis Oil."  Industrial & Engineering 
Chemistry Research 46 (26):9238-9247. doi: 10.1021/ie070684k. 
Xiu, Shuangning, and Abolghasem Shahbazi. 2012. "Bio-oil production and upgrading research: A 
review."  Renewable and Sustainable Energy Reviews 16 (7):4406-4414. doi: 
https://doi.org/10.1016/j.rser.2012.04.028. 
Yang, Y. F., C. P. Feng, Y. Inamori, and T. Maekawa. 2004. "Analysis of energy conversion characteristics 
in liquefaction of algae."  Resources, Conservation & Recycling 43 (1):21-33. doi: 
10.1016/j.resconrec.2004.03.003. 
Yin, Qianqian, Shurong Wang, Xinbao Li, Zuogang Guo, and Yueling Gu. "Review of Bio-oil Upgrading 
Technologies and Experimental Study on Emulsification of Bio-oil and Diesel." 2010. 
Zhang, L., Xu, C., Champagne, P. 2010. "Overview of recent advances in thermochemical 
41 
 




































13.0 Appendix A 
 
Figure 13.1 Temperature (℃) and Pressure (MPa) of different upgrading techniques (Toor et al., 2011) 
 






















Figure 13.3 HTL Bio-crude yield (%) at 325 ℃ 
Table 13.1 Hydrothermal Liquefaction sample preparation and data 
Test                 Weight 
Microalgae 
Vol Water  Temperature Solid Residue Mass Bio-oil % Moisture* 
# g mL ℃ g g %  
BO-300-1 50.091 450 300 0.973 15.78 0.05 
BO-300-2 50.082 450 300 0.997 13.4 0.05 
BO-325-1 50.088 450 325 1.189 18.68 0.05 
BO-325-2 50.069 450 325 1.106 18.3 0.05 
BO-325-3 50.043 450 325 0.936 14.5 0.05 
BO-300-3 50.037 450 300 0.7443 15.25 0.05 





















Bio-crude yield at 325 Degrees Celsius
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BB-300-1 300 3.117 27.018 10.343 2.528 27.607 
BB-300-2 300 6.055 24.053 20.111 4.019 26.089 
BB-300-3 300 12.237 18.022 40.441 6.700 23.559 
BB-300-4 300 15.232 15.014 50.360 7.880 22.366 
BB-325-1 325 3.116 27.033 10.335 1.877 28.272 
BB-325-2 325 6.102 24.014 20.262 3.640 26.476 
BB-325-3 325 12.219 18.033 40.391 4.850 25.402 
BB-325-4 325 15.184 15.095 50.147 1.764 28.515 
 
 
 
 
